Abstract: Transportation accounts for more than 20% of the total Greenouse Gas (GHG) emissions in Canada. Switching from fossil fuels to more environmentally friendly energy sources and to Zero-Emission Vehicles (ZEVs) is a promising option for future transportation but well to wheel emission and charging/refuelling patterns must also be considered. This paper investigates the barriers to and opportunities for electric charging and hydrogen refueling infrastructure incentives in Ontario, Canada and estimates the number of Internal Combustion Engine Vehicles (ICEVs) that would be offset by infrastructure incentives. The paper also assesses the potential of electric and hybrid-electric powertrains to enable GHG reductions, explores the impact of the electricity supply mix for supporting zero-emission vehicles in different scenarios and studies the effect of the utility factor for PHEVs in Ontario. The authors compare the use of electric vehicle charging infrastructures and hydrogen refueling stations regarding overall GHG emission reductions for an infrastructure incentive funded by a 20-million-dollar government grant. The results suggest that this incentive can provide infrastructure that can offset around 9000 ICEVs vehicles using electricity charging infrastructure and 4000-8700 when using hydrogen refuelling stations. Having appropriate limitations and policy considerations for the potential 1.7 million electric-based vehicles that may be in use by 2024 in Ontario would result in 5-7 million tonne GHG avoidances in different scenarios, equivalent to the removal of 1-1.5 million ICEVs from the road.
Introduction
Climate change is one of the most significant environmental challenges the global community faces. Anthropogenic Greenhouse Gases (GHG) are the major contributing factor in climate change, which causes erratic weather conditions such as increased drought, flooding and changing temperature pattern change [1] . To achieve the decarbonisation necessary to reduce GHG in future energy systems, the different energy sectors, including electricity and transportation systems must be integrated. The transportation sector could reduce GHG emissions by deploying Zero-Emission Vehicles (ZEVs), such as Electric Vehicles (EVs), Fuel Cell Vehicles (FCVs) and Plug-in Hybrid Vehicles (PHEVs). As such, this work discusses and compares the infrastructure incentives used to encourage early adoption of zero-emission light-duty vehicles. This adoption requires two transitions. First, the vehicle technology itself must be developed but development of EVs involves global technology development by multinational vehicle companies, even though the incentives from small markets will have only limited impact on the technology development itself. There is a recognition that incentives for the purchase of ZEVs in a region can significantly influence the adoption of the technology in that region. However, for this work such vehicle incentives are assumed to be equal for all ZEVs but are beyond the scope of this specific analysis; they will, however, will be included in future studies. Second, will be included in future studies. Second, infrastructure to support the recharging and refueling of the technology will be required. Public charging stations will be required for Battery Electric Vehicles (BEVs) and similarly, for FCVs hydrogen refuelling stations. It is within the ability of policy makers and governments to encourage one technology over another through supporting the development of refueling infrastructure. This work examines early infrastructure incentive programs in Ontario designed to support the adoption of ZEVs.
Importance of This Research
The reduction of today's increasing carbon dioxide levels is possible but will require significant changes in technology and behaviour [2] . Many countries, including Canada, in December 2015, signed the Paris Agreement created to strengthen efforts to limit the global average temperature rise to below 2 °C [3] , the threshold the Intergovernmental Panel on Climate Change has indicated that irreversible climate harm will have occurred. As countries begin to assess their GHG emissions and identify opportunities for decarbonisation, they will look across a variety of sectors. It is anticipated that each country will meet its Climate Commitments differently, with no two efforts being identical [4] .
Globally, the transportation sector accounts for 14 percent of the world's GHG emissions ( Figure  1a ) [1] . In Canada (Figure 1b ), the decarbonisation of this sector will be necessary, as of 2013, its emissions account for 23% of the country's GHGs [5] . In 2016, Canada formally committed to reducing its GHGs by 30% below 2005 levels by 2030; to achieve this, emissions need to decrease between the 200-300 million tonnes (Mt) from projected levels, depending on economic growth and the intensity of emissions [6] . The 30% target means removing more than the equivalent of all emissions from today's cars and trucks (including off-road vehicles). Currently, the transportation sector is Ontario's highest contributor of GHG emissions in Ontario, with output equal to 170 Mt GHG emissions for 2014 ( Figure 1c ) [7, 8] . According to the Environmental Commissioner of Ontario, the transportation sector has been the biggest hurdle to achieving the 2020 GHG reduction target of the agreement [9] . Ontario has succeeded in achieving a modest 2014 target, largely through emission reductions in the electricity sector: by the closure of coal plants, the refurbishment of nuclear reactors, reduction in manufacturing activity and the addition of renewables to the electricity supply mix. Coal plant closure alone put Ontario on track to eliminate 30 Mt of GHG emissions in 2020, compared to a business-as-usual scenario [10] . (c) Ontario [7] .
The key issues to consider when assessing new vehicle technologies in Ontario are the environmental impact of vehicle technologies, well to wheel sources of energy, as well as public acceptance of the utility of the vehicle (Figure 2 ) [11, 12] . BEVs/FCVs can reduce urban air pollution but only if their sources of energy are low-carbon, such as nuclear or renewable energies, including hydro, solar and wind sources [13, 14] . Gasoline, diesel, hydrogen and electricity are energy vectors for different types of light-duty vehicles. To illustrate, gasoline and diesel can be produced from oil resources or, to a limited extent, with some renewable content, while hydrogen is currently mostly (c) Ontario [7] .
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Contribution of the Research
This work focuses on infrastructure policy considerations in the transition to zero-emission light-duty vehicles. There is a clear recognition that the transition of heavy-duty vehicles, such as Class 8 trucks with a gross vehicle weight exceeding 14,969 kg, from diesel to natural gas, electricity, or hydrogen can significantly reduce GHG emissions in the short term [17] [18] [19] ; however, this work focuses on incentives for the infrastructure for light-duty vehicles. Morrison et al. estimated the cost of BEVs and FCVs for short-term and long-term to find the future market for each technology [20] . Kontou et al. [21] investigated the societal cost of replacing ICEVs with BEVs. Miceli and Viola [22] investigated the feasibility of the green recharged area for the electric vehicles and Hardman et al. [23] conducted a comprehensive review of consumer preferences and interactions with electric vehicle charging stations. Although there are many studies analyzing driving behaviour of electricity-based vehicles along with real world data on energy usage, in this work, we study the impact of the utility factor of plug-in hybrid vehicles on the vehicle's GHG emissions reduction. Furthermore, the utility factor can be adjusted by the vehicle owner based on usage of the electric or gasoline engine. This is a rough estimation. Our future work will involve a detailed analysis based on real data.
Note that challenges in expanding the use of Zero-Emission Vehicles (ZEVs) vary from location to location, the number of considerations is unique to each jurisdiction. Many include the mixture of power generation capacity and the availability of each technology; energy supply mix, electricity distribution infrastructure and grid stability; public and private vehicle charging or refuelling infrastructure; government incentives for vehicles and infrastructure; as well as public awareness. These points must be evaluated by the development of strategies to realize the barriers and opportunities, in order to get the maximum benefits of zero-emission vehicles. Canada and specifically Ontario, have made some progress compared to previous years in the deployment of zero-emission vehicles and transitioning to a low-carbon transportation sector. This paper investigates infrastructure policy considerations arising from the deployment of zero-emission vehicles in Ontario. The impact of the electricity supply mix in supporting zero-emission vehicles is investigated in terms of energy consumption and the potential for the reduction of GHG emissions with a transition to ZEVs. Then the effect of driver "utility factors" on GHG emission is studied. The barriers to and opportunities related to Ontario's C$20 million-incentive for electric charging infrastructure are assessed and the effective numbers of Internal Combustion Engine Vehicle (ICEV) reductions that could result are calculated. The results are compared to those with FCV-refueling infrastructure. Also estimated is the reduction in ICEV numbers that would result from the government spending this amount on hydrogen refueling stations. The limitations and policy considerations related to Ontario having 1.7 million electric or plug-in hybrid vehicles by 2024 are investigated, as is the influence of driving behaviour on vehicle selection and issues related to public charging stations.
A number of studies have focused on about the well-to-wheel analysis of future automotive fuels [24] . Woo et al. analyzed the differences in GHG emissions associated with BEVs in multiple countries according to their electricity generation mix [25] and Ke et al. conducted a well-to-wheel emission analysis and pollution control study of BEVs for Beijing comparing the with GHG emissions of ICEVs [26] . In addition to analyzing of the effect of electricity supply mix on the GHG emissions of different types of vehicles in Ontario, this paper discusses the infrastructure policy options for the deployment of zero-emission vehicles in Ontario. Unique to this work is the comparison between electric-vehicle charging infrastructure and hydrogen refueling stations in terms of effective GHG emission reduction.
The paper achieves the following milestones:
• 
Ontario's Policies to Enable Zero-Emission Vehicles
Ontario has been providing incentives for potential emission reduction in the transportation sector since 2010 [27] . In December 2015, the province released a Climate Strategy, which specified that the government will promote the uptake of plug-in hybrid vehicles by ensuring access to affordable and fast public charging, updating vehicle price incentives, making the green plate program permanent and reducing emissions through the use of automated vehicles [10] . It is not the objective of this paper to examine incentives for the power train, that is, vehicles themselves, or to do detailed comparison of fuel cell vehicle versus electrical vehicle power trains but to focus on incentives for the related supporting infrastructure for the two types of vehicle power train options. The province announced C$20 million for fast charging Level 3 stations and Level 2 stations to be built by March 2017. In March 2016, the government of Canada announced C$62.5 million over two years to support infrastructure for charging stations and also tax incentives for electric car charging stations. Moreover, Ontario released its Climate Action Plan, which aim to achieve at least 1.7 million electric and hybrid cars in use by 2024, take seven million gas-burning vehicles off the road by 2030 and ensure that, by 2050, 80% of residents use public transit, walk or cycle to work [27] [28] [29] . In April 2017, the Canadian government announced C$1.6 million in support for two hydrogen refuelling stations in the Greater Toronto Area, establishing a new Canadian market for fuel-cell vehicles. In 2017, Ontario had a surplus of off peak nuclear and wind power, which led to it exporting electrical power at loss and curtailing power generation from wind and nuclear assets. There is thus a capacity for hydrogen generation or electric vehicle charging in off-peak periods [30] .
Zero-Emission Vehicles
Practically, a BEV is the simplest form of automotive design, with a power train consisting of a battery, 'power electronics and electric motor. A PHEV can operate in a battery pack charge-depletion mode and thus might have a certain emission-free range based on its model in addition to an ICE that provides range extension [11] .
FCVs use hydrogen to power a fuel cell and are thus also zero-emission vehicles that make no contribution to urban air pollution. Similar to BEVs, if the hydrogen is produced using electricity from nuclear, hydro, wind or solar sources, FCVs contribute minimal GHGs over the life cycle of the energy use.
There were 7.7 million light-duty vehicles registered in Ontario in 2014, which is about a third of the vehicles in Canada and they consumed 16 billion liters of gasoline (40% of Canada's share) [31, 32] . As of 31 March 2016, 6505 battery and plug in hybrid electric vehicles are on the road in Ontario [7] . The Ontario electric-vehicle or PHEV fleet is dominated by the Chevrolet Volt (27%), various Tesla models (28%) and Nissan leaf (14%) [33] . Table 1 compares the basic different features of these vehicles.
Although BEVs have the potential to help reduce GHGs by removing tail pipe emissions, factors such as range anxiety continue to pose hurdles for existing and future BEV users [35] . The lack of available 'refueling' options leaves them concerned about being stranded [36] and therefore, the availability of public charging infrastructure plays a critical role in addressing range anxiety and attracting new BEV drivers. Enhanced infrastructure may further reduce emissions from existing BEVs as well and allow PHEV drivers to increase their total all-electric range. Based on current vehicle range, a secondary gasoline-powered vehicle in needed to achieve greater emission free range. Thus, BEVs are typically used for short distances, in urban, sub-urban locations, where infrastructure is more readily available [37] . With enhanced infrastructure, existing owners can use their BEVs for longer trips and realize further emission reductions as they can avoid using their petroleum powered vehicles [38] [39] [40] . The source of electricity to charge their batteries is a function of the time of day and the overall generation profile that provide electricity to the grid. In Ontario, during off-peak period electricity generally comes from nuclear, wind and hydro, while during periods of peak demand, natural gas turbines are used as supplement any source. FCVs can truly have zero-emissions on a well-to-wheels basis when fuelled with hydrogen produced by nuclear, hydro, wind or solar sources. Notably in the context of Ontario's electricity supply, if hydrogen is produced using clean sources of energy, it can be used as a vehicle fuel at any time of day. This decoupling of hydrogen generation from fuelling from time of use and location is an attractive feature for maximizing Ontario's clean electricity fleet. Currently, three fuel cell vehicles are commercially available, namely Toyota Mirai, Honda Clarity and Hyundai Tucson [41] .
Hydrogen as a flexible and near-zero-emission energy vector has various applications for all the energy sectors [42] . It can be produced from different resources, including, renewable energies as well as fossil fuels [43] [44] [45] . Note in Ontario, the electricity utility infrastructure may not support transportation by electric vehicles without costing upgrades to the transmission and distribution systems, so both FCVs and BEVs will be needed in the long term [16] .
Energy storage concepts such as 'Power-to-gas' with hydrogen energy storage could significantly contribute to the country's energy management needs, make use of current natural gas infrastructure, improve emissions and provide a transition to a hydrogen economy . Low cost off-peak surplus electricity can be converted to hydrogen, which can be used by various applications such as industry or transportation ( Figure 3 ). If the hydrogen is not required immediately, it can be stored for later use. Moreover, hydrogen can be injected into the natural gas network, at a maximum volume concentration of up to 5% [47, 48] . Power-to-gas systems have been proven in a number of demonstrations, primarily in Europe [48] .
Using power-to-gas in transitioning concept to a hydrogen economy represents a grid-level demand management paradigm shift that will significantly improve efficiencies, making the transition to a fossil-free economy more manageable based on Ontario's significant nuclear, hydro and wind assets [29] . The energy storage capability of Power-to-gas producing hydrogen via electrolysis can be leveraged to achieve many benefits: offsetting seasonal generation and demand differences; allowing for the efficient use of generation as well as transmission and distribution assets now and in the future; eliminating the need for peak hour generation by providing distributed generation with clean hydrogen and providing auxiliary services to the grid. Most importantly, the development of electrolysis-generation capacity allows for the phase in of hydrogen transportation options in light-duty vehicles and rail [49] .
Ensuring That Electricity Supply Mix Can Support Zero-Emission Vehicles (ZEVs)
Clean transportation systems result in opportunities for GHG emission reduction by a wide range of stakeholders across different sectors. Although zero-emission vehicles such as BEVs and FCVs have no tail pipe emissions, their sources of electricity may generate emissions. To illustrate, if BEVs are charged with an electricity supply mix from a source that has relatively low-carbon emissions or FCVs are fuelled with the low carbon sources of electrolytic hydrogen produced from nuclear, wind or solar sources, the benefits of further emission can be recognized in decarbonisation [50, 51] . However, if they are charged or refuelled with a high carbon electricity supply mix, the environmental benefits of these vehicles are significantly reduced. Not only is a clean electricity supply mix significant in the national reduction of GHG emissions, it is critical in promoting the adoption of a clean transportation sector.
The electricity supply mix can be thought of as the "fuel" for electric vehicles. Consequently, it is critical to consider the "life cycle" emissions of a vehicle. However, this fact does not mean that more-carbon-intensive supply mixes should not be considered for BEVs. To fully recognize the decarbonisation potential of BEVs, more-detailed emissions analysis should be done. More specifically, because the electricity supply mix changes over different hours as a result of on-peak electricity demand and renewable energies, analysing the time for BEV charging is of great importance to overall emission reductions [52] . Note that the focus of this paper is mainly on the energy requirements for vehicle operation and not those for vehicle manufacture.
As described in Ontario's 2013 Long Term Energy Plan, the province intends to refurbish eight nuclear units and increase renewables as well and will continue to use natural gas and hydro. Hence, it is transitioning to a low-carbon electricity sector, making its optimum scenario to urge BEV and FCV strategies and consequently, to gain the overall green electrification of its transportation sector. In the short and medium term, Ontario is forecasted to continue to curtail power and sell significant quantities of clean power (principally off-peak nuclear and wind power at certain times of the year) that is a loss to other jurisdictions.
Impact of Electric Vehicles on Future Electricity Grid
The impacts of future EV penetration on Ontario's electricity demand forecast are shown in Figure 3 . According to the Independent Electricity System Operator (IESO)'s sample scenario, one million BEVs would require about 3 TWh electricity each year, representing 2% of Ontario's grid demand. The bigger impact will be on peak demand, an issue which may be largely handled by time of charging and control of charging by local distribution companies (LDCs).
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The GHG emissions of different vehicles per 100 km driving are estimated based on the following equations. Equation (1) is the GHG emission estimation for ICEVs, while Equations (2) and (3) are those for BEVs and PHEVs. The GHG emission for FCVs is presented in Equation (4).
GHG ICEV
GHG FCV = Electricity consumption by electrolyzer × E f e Fuel Economy FCV × 100 (4) where, Ef e and E f gas are the CO 2 emission factors associated with each unit of electricity and gasoline consumed, respectively. Fuel economy is a distance traveled based on the unit amount of fuel consumed and UF is the utility factor related to the ratio of vehicle distance travelled by the battery to that distance travelled by the internal combustion engine [54] ; UF is assumed to be a variable to find the optimal performance of PHEVs compared to ICEVs. η is the charging rate of batteries and it is assumed that 80% of battery capacity will be charged during each event [55] . Electricity consumption by electrolyzer is the amount of electricity consumed to generate one kg of hydrogen. Table 2 presents parameters and variables in the mentioned equations. Electricity consumption by electrolyzer. kWh·kg −1 51.5 [42] In order to find the CO 2 emission avoidance and electricity consumption by electric vehicles, four scenarios are defined next. In Scenarios 1 and 2 all electricity comes from natural gas power generation systems, which are working mostly during on peak hours. So, it is assumed that if a vehicle is to charge during peak periods, a natural gas power plant would have to be ramped up to accommodate the additional load. In Scenario 3, the average mix of Ontario's electricity grid is considered and in Scenario 4, it is assumed the electricity comes from a CO 2 -free nuclear or wind power plant, which prove the bulk of off-peak power generation in Ontario (Emission-free based power). The life cycle Greenhouse Gas emission factor of the natural gas fired electricity generation in Ontario is assumed to be in the range of 400 to 487 kg CO 2 eq. per MWh [56, 58] , while that of Ontario's net electricity is considered to be 56 kg per MWh [51] for 2015. The net electricity is the mixed of generated power from nuclear (~60%), hydroelectric (~24%), natural gas (~10%), plus solar and wind (6%) in Ontario. The low-emission factor is principally due to the high availability of nuclear and hydro power. Figure 4 shows the GHG emission of different electric-based vehicles according to the defined scenarios. The utility factor of the Chevrolet Volt is considered to be 66% [59] . Figure 4 shows that the lower the GHG emission of electricity sources, the less difference between vehicle emissions, indicating that using natural gas for electricity generation results in more GHG emissions compared to the other energy supply mixes. Therefore, the time of charging has a direct correlation with the CO 2 emissions of electric vehicles in Ontario, because natural gas power plants ramp up in on-peak hours to supply on-peak demand; however, using electricity in off-peak hours for BEVs curtails the GHG emissions. As can be seen in Figure 4 , FCVs produces more emissions than electric vehicles in the various scenarios. However, their time of charging is very short (less than three minutes) [60] compared to BEVs (at least 1-6 h). If one uses off-peak electricity, the emissions will be lower than those for BEVs, unlike when charging EVs in on-peak hours. In scenario 1 and 2, the well to wheel emissions for hydrogen FCVs are based on using natural gas power plants to run an electrolyser. If hydrogen were generated by the steam methane reforming of natural gas, it would be more efficient and much less expensive and the GHGs emitted would be lower. Hydrogen generated via a power-to-gas scenario would all be generated from emission-free sources, as the electrolysers would not be operated unless the grid is emission free and hydrogen could be stored, daily and weekly or even seasonally to ensure CO2-free sources of electricity. This type of emission-free generation of hydrogen in Ontario via power-to-gas has been demonstrated in a number of studies [16, 42, 47] .
The environmental benefit related to BEVs corresponds to the gasoline consumption of Internal Combustion Vehicles (ICEVs) which is displaced. The gasoline consumption of a conventional vehicle fleet is calculated by considering the fuel consumption of one single vehicle that is assumed to be typical each member of the fleet. A typical ICEV has a fuel economy of 22 miles per gallon [61] , which is equal to 9.3 kg of GHG emissions. Assuming a typical light-duty vehicle travels 12,000 miles annually, the CO2 emission of an ICEV is around 5 tonnes per year, while those of the PHEV/EVs are estimated in the following figure based on different scenarios. Using PHEV/EV can reduce the GHG emission by more than 50% compared to ICEVs.
Considering the total of about 1.7 million electric or plug-in hybrid vehicles by 2024 [62] , which is equal to 22% of today's passenger vehicles, the total CO2 emission avoidances for different scenarios are derived based on Equation (5).
Equation (6) presents the number of ICEVs which is displaced from the road in terms of GHG emission reduction. Considering the electricity powered by natural gas, the CO2 emission avoidance is around 5.7 Mt for BEVs, which is equal to the removal of 1.1-1.3 million ICEVs and 3.6 Mt CO2 eq. for PHEVs, which corresponds to the removal of 0.7-1.2 million ICEVs. Note that higher utility factor of PHEVs is a key indicator to use lower gasoline and therefore to achieve lower emissions. Based on scenario 4 (Emission free based power), the annual GHG emission avoidance is around 8.4 million As can be seen in Figure 4 , FCVs produces more emissions than electric vehicles in the various scenarios. However, their time of charging is very short (less than three minutes) [60] compared to BEVs (at least 1-6 h). If one uses off-peak electricity, the emissions will be lower than those for BEVs, unlike when charging EVs in on-peak hours. In scenario 1 and 2, the well to wheel emissions for hydrogen FCVs are based on using natural gas power plants to run an electrolyser. If hydrogen were generated by the steam methane reforming of natural gas, it would be more efficient and much less expensive and the GHGs emitted would be lower. Hydrogen generated via a power-to-gas scenario would all be generated from emission-free sources, as the electrolysers would not be operated unless the grid is emission free and hydrogen could be stored, daily and weekly or even seasonally to ensure CO 2 -free sources of electricity. This type of emission-free generation of hydrogen in Ontario via power-to-gas has been demonstrated in a number of studies [16, 42, 47] .
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GHG avoidance = (GHG ICEV − GHG EV,PHEV,HV ) × 1.7 × 10 6 (5)
Equation (6) presents the number of ICEVs which is displaced from the road in terms of GHG emission reduction. Considering the electricity powered by natural gas, the CO 2 emission avoidance is around 5.7 Mt for BEVs, which is equal to the removal of 1.1-1.3 million ICEVs and 3.6 Mt CO 2 eq. for PHEVs, which corresponds to the removal of 0.7-1.2 million ICEVs. Note that higher utility factor of PHEVs is a key indicator to use lower gasoline and therefore to achieve lower emissions. Based on scenario 4 (Emission free based power), the annual GHG emission avoidance is around 8.4 million tonnes (Mt) CO 2 eq. for BEVs, which is equal to 1.7 million Internal combustion engine vehicles (ICEVs) removal and 5.6 Mt CO 2 eq. for PHEVs, which corresponds to 1.1-1.7 million ICEVs removal. Assuming the distribution of 43% PHEVs and 57% BEVs for the vehicles in Ontario [33] , the GHG avoidances are 5 Mt for the first and second scenarios (based on natural gas), which is equal to the removal of one million ICEVs and around 7 Mt for the third and fourth scenarios, which corresponds to the removal of 1.5 million ICEVs ( Figure 5 ). avoidances are 5 Mt for the first and second scenarios (based on natural gas), which is equal to the removal of one million ICEVs and around 7 Mt for the third and fourth scenarios, which corresponds to the removal of 1.5 million ICEVs ( Figure 5 ). 
The effect of Driver's 'Utility Factor' for PHEVs in Ontario
The utility factor is important for CO2 avoidance in PHEVs, as shown in Figure 6 . A comparison between a gasoline Chevy Cruse and PHEV Chevy Volt shows that to reduce GHG emission, the utility factor should be more than 40%, assuming that the CO2 emission from the gasoline Chevy Cruse is around 3.2-3.6 tonnes CO2 per year [63] , because the PHEV Chevy Volt is a much heavier vehicle. However, the GHG emission of a PHEV Chevy Volt depends on the power sources and utility factor; using the electricity grid or clean power based nuclear energy can generate 1.7-3 tonne CO2 per year within the range of 40-66% utility factor. Using power based on natural gas power plants can generate 3-4.5 tonne CO2 per year for a range of 66-40% utility factor, which is in the range of ICEVs. Using PHEVs, the utility factor should be more than 40%. Figure 6 presents the GHG emissions of Chevy Volt vehicles based on different utility factors. The black dotted line presents the GHG emission of the Chevy Cruse. This result assessment of driver behaviour via vehicle telemetrics is very important to electric vehicle selection [33] . 
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Policy Consideration
Each PHEV will save between 2 (power based on natural gas) and 3.5 (grid power mostly based on nuclear) tonnes CO 2 per year, considering an average of 66% utility factor. Each BEV will save between 3 (power based on natural gas) and 5 (grid power mostly based on nuclear) tonnes CO 2 per year. Moreover, each FCV will save between 0.3 (power based on natural gas) to 4.7 (grid power mostly based on nuclear) tonnes CO 2 per year.
CO 2 emission saving is highly dependent on the use of the vehicle, source of electricity, when emission factors change throughout the day and the time of day for charging. Note, the greatest emission reductions will be achieved with the use of off-peak nuclear and/or wind power and there is generally clean energy available from base-load off-peak power in Ontario. There is currently enough excess baseload capacity off-peak to refuel early penetration of electric vehicles but it is critical that the vehicles charge during off-peak periods; otherwise, the benefits of CO 2 reduction are reduced. Thus, the promotion and development of public charging stations that will be used during the day should not be encouraged if CO 2 reduction is critical. Mainly, if there is a need to ramp up natural gas power plants (i.e., on-peak periods) to accommodate the increased load to charge BEVs, then there is much less benefit. In the very long term (beyond 1 million vehicles), there may be a need to add additional clean generation capacity and nuclear power is the only CO 2 free technology that can provide the power capacity required, especially during key charging periods (e.g., nights in the summer when wind and solar offer little contribution to the grid).
Furthermore, this analysis also leads to the following observations. If Ontario has an understanding of emission reduction, some type of vehicle-use assessment is required and it should be done prior to the customer actually selecting a vehicle for purchase. Simply, the customer must purchase the right vehicle for their specific driving habits, or their "utility factor". It is recommended that the purchased subsidies to be offered by the government should be linked to such an assessment and the results should be shared with the government, for example, expected emission reductions.
In addition, charging of vehicles must be well-managed; if vehicles charge at peak periods when natural gas power plants may be ramped up to meet this demand, there is much less emission reduction benefit. Thus, allowing electricity distribution utilities to control or track charging is critical, even though it will require some further technological development. Also, in order to ensure that "clusters" of electric vehicles do not overly disrupt local distribution infrastructure, these utilities should at least be informed of potential increased local load.
The Effect of Electricity Consumption for Different Types of Vehicles in Ontario
The annual power required by BEVs/PHEVs is calculated based on Equation (7).
Required Power(kWh per car per year) = Battery capacity(kWh)×η×annual distance traved by car(km per year) Distance traveled on one charge(km)
As described by the 2013 Long Term Energy Plan and implemented in December 2015, the province is refurbishing six nuclear units on the Bruce peninsula and plans to refurbish four more at the Darlington site [53] . Note that the predicted output of Darlington, considering its four 881 MW units and a capacity factor of 90%, is 27,783 GWh power generation, annually. Moreover, 48,565 GWh electricity generation will result from 6300 MW of power from the Bruce refurbishment, assuming the capacity factor of 88%. Ontario's net export was around 17 TWh in 2015 [53] . Thus, Ontario has sufficient clean electricity available for ZEVs at this time.
The results derived from Equation (7) show that the electricity requirement of BEVs/PHEVs should be in the range of 4500-5500 GWh, which is equal to 9-11% of the Bruce refurbishment or 13-19% of Darlington's power generation capacity, or 21-32% of the net electricity exported from Ontario ( Figure 7) . For PHEVs and BEVs to contribute to reducing Ontario's GHGs there must be zero-emission power generation capacity available; nuclear power and wind power, both refurbishment and new nuclear, are critical to move Ontario towards a clean transportation sector.
Currently, 17 TWh of electivity net are exported from Ontario. This electricity could service around 5-8 million PHEV and BEV each year. However, this would require increased research and development on communications and control with respect to charging times. Using cheap export electricity in Ontario for EVs could not only reduce the GHG emissions but also, decrease the cost of constructing future power plants to supply the increasing demand of BEVs. However, this energy must be stored for on-peak hours. This low-cost surplus exported electricity could not converted to hydrogen as a storage medium which can be useable in FCVs when and where they need it, or could be converted to electricity for BEV/PHEVs but only if a BEV is under a control charging mode.
Hydrogen-Refuelling versus Electric-Vehicle-Charging Infrastructure
In 2016, Ontario's government set up a program to invest C$20 million of public funding to build 280-Level 2 and 213-Level 3 (DCFC) public charging stations over many locations in Ontario. The C$20 million Electric Vehicle Chargers Ontario (EVCO) grant program [64] has an effective reduction of ICEVs in terms of emission. Note that this cost does not include any investment that may be required of the LDC to support charging stations, which could be very significant. Assuming each Level 2 charging station can fuel two BEVs and every Level-3 can charge 10 BEVs per day, then this incentive program can totally charge 2690 EVs every day. If Ontario's electric vehicle mix is 43% of PHEVs (Chevy Volt with 66% Utility Factor) and 57% of BEVs and assuming that BEVs must charge every 3 to 7 days, the province electric vehicle infrastructure will be able to support 11,000 For PHEVs and BEVs to contribute to reducing Ontario's GHGs there must be zero-emission power generation capacity available; nuclear power and wind power, both refurbishment and new nuclear, are critical to move Ontario towards a clean transportation sector.
In 2016, Ontario's government set up a program to invest C$20 million of public funding to build 280-Level 2 and 213-Level 3 (DCFC) public charging stations over many locations in Ontario. The C$20 million Electric Vehicle Chargers Ontario (EVCO) grant program [64] has an effective reduction of ICEVs in terms of emission. Note that this cost does not include any investment that may be required of the LDC to support charging stations, which could be very significant. Assuming each Level 2 charging station can fuel two BEVs and every Level-3 can charge 10 BEVs per day, then this incentive program can totally charge 2690 EVs every day. If Ontario's electric vehicle mix is 43% of PHEVs (Chevy Volt with 66% Utility Factor) and 57% of BEVs and assuming that BEVs must charge every 3 to 7 days, the province electric vehicle infrastructure will be able to support 11,000 PHEV/BEVs.
Assuming that there were to be an equal C$20 million investment incentive support program for hydrogen refueling stations, the capacity of refueling station are calculated based on the following equations. (Equation (8)). The capital cost of H 2 refueling station with an onsite electrolyser is estimated based on two scenarios including refueling station high-cost and low-cost estimation [65] . The onsite electrolyser station capital costs with the different capacities of 100-1000 kg hydrogen per day are assumed to be in the range of 3-9 million dollars for high-cost and 2.6-5.6 million dollars for low-cost [64] . The capacity of the hydrogen refueling station is extrapolated for C$20 million investment. The reason for considering a high-cost scenario is that the hydrogen refueling stations are very few in kind project and they are not in mass production. The number of FCVs are estimated to be 4800 for the high-cost scenario and 9800 for the estimated low-cost scenario.
Num FCV =
Hydrogen production(kg per day) × Fuel Economy Driven distance (km per day)
The GHG emissions of FCV/BEVs are converted to the number of equivalent ICEs and the number of effective reduction in number of vehicles is presented in Equation (9) .
The overall reduction in number of ICEVs (Figure 8) shows that the lower the GHG emission from the electricity sources in each scenario, the greater the effective number of reduction in ICEVs. Since 57% of electric based vehicles are PHEVs, part of the emission is related to gasoline consumption in PHEVs. This number for FCVs is shown based on low-cost and high-cost investment scenarios for refueling infrastructure.
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Considering the C$20 million incentives for hydrogen refueling stations, 4800-9800 FCVs can refuel, which is equal to the effective reduction of 300-2000 ICEVs (electricity based on natural gas) or 4300-8700 (Power based on Ontario electricity grid) or 4700-9700 (based on emission-free based power). Not to mention, if hydrogen were generated by the steam methane reforming of natural gas, it would be more efficient and less expensive and therefore, the effective offsets of ICEVs would be higher than when hydrogen is generated based on the electricity powered by natural gas. The reduction is greater when the power comes from renewable sources such as nuclear or wind.
At this time, the debate between BEVs and FCVs can be summarized as follows:
• FCVs are better for integration and support of the grid (i.e., energy where and when you need it, in the form you need it). Hydrogen production has been proven to support auxiliary electrical services. Hydrogen can provide daily, weekly and seasonal energy storage, thus supporting the penetration of intermittent renewable power generation such as wind and solar. Also, via a power-to-gas scenario all the hydrogen could be produced from CO 2 free sources, whereas BEV charging during the day would result in upstream GHG emissions.
Discussion
In this section, some general comments about the deploying electric vehicle charging stations in Ontario are mentioned.
Requiring consumers to track their vehicle use and to complete an assessment prior to purchase of a low emission vehicle would achieve a number of other benefits:
• Consumers will then select the most appropriate vehicle for their specific use and utility factor. This may lead to higher sales of PHEVs and BEVs as customers understand their specific driver behaviour, or more FCVs for consumers who require longer ranges and faster refuelling. It would certainly promote greater customer satisfaction as the vehicle in use will meet their operational expectations and thus greater satisfaction with the vehicle and the program overall; • The government will have a better understanding of the actual emission reduction that can be achieved with increased vehicle market penetration and can tailor vehicle incentives for specific target emission reductions (which is the actual objective). This insight may result in different incentives for PHEVs versus BEVs versus FCVs in order to achieve well to wheel GHG reductions; • Post-purchase tracking will give policy makers a better understanding of actual emission reduction achieved and progress towards climate change goals after the vehicles come into use; • Electricity distribution utilities will be able to track, plan and manage the development of infrastructure to support vehicle charging, thereby avoiding critical infrastructure overloading and potential damage.
Ontario urgently needs to better understand the consequences of its EVCO grant program on the distribution of energy storage infrastructure and to address the potential impact of Level 2 or 3 public charging stations on the electrical distribution system. The C$20 million program failed to consider the impact on the electrical distribution system, which may result in system disruption and the need for costly (unbudgeted) system upgrades. In fact, there may be very significant added costs to upgrade the distribution system infrastructure to support these public charging stations, or the use of public charging may result in system failures. Specifically, the impact on transformers and other electrical distribution infrastructure is inevitable with the siting of Charging Stations (Public or Private charging stations).
The duty cycle of the distribution system also fails to consider the system operating at full capacity 24 h a day. Thus, although it may appear that the distribution system has some underused capacity at nights, the overuse of this capacity will result in potential system failures. Distributed solar power generation assets may be effectively placed to both reduce daytime emissions and the load on the electrical distribution system. However, in many cases, distributed solar power generation is not of the scale to support a Level 2 or DCFC charging station and could only do so for a very limited period of time.
The emissions from public charging must be considered. Certainly, there is a significant net offset with the use of a PHEV or BEV over ICEV. However, with a PHEV, modification of the charging behaviour of the vehicle owner could significantly alter the overall user utility factor. In some cases, the use of public charging stations will significantly increase the utility factor, reducing overall emissions from a PHEV. However, in other cases, the use of public charging stations during the day will result in unnecessary emissions as natural gas power plans are ramped up to service this demand. Note that in electrical grid jurisdictions where the baseload and dispatchable power is based on coal, there is likely to be no benefit from the use of electric vehicle.
Likewise, there is a need to study driver behaviour and driver motivation for the use of public charging stations versus home-based charging. Note that, home-based charging is likely to be off-peak, or easily controlled to be off peak and more likely clean nuclear, wind, or hydro. In contrast, during the day, Public Charging will likely require ramping up of natural gas power plants and thus come with an associated emission factor. Some research into the net life cycle emission from charging behaviour is needed and then this research can be translated into public education to modify driving behaviour so as to improve future emission reductions.
Additionally, support for Level 2 and DCFC public and workplace charging stations can be considered as a support for natural gas based "transportation" power in Ontario. Thus, the electric vehicles are essentially natural gas emission vehicles (Better than gasoline but not as good as controlled off-peak power, Level 2 and DCFC does help, if there is a low electric range for PHEVs (like the Chevrolet Volt) and the driver has a long commute to work. Clean power benefits when people charge at home, that is, in off-peak hours. Therefore, governments should not overly support one technology over another at this time, until the implications of long-term technology development are better understood.
Note, the long-term market for BEVs, PHEVs and FCVs is far from settled and will likely include a blended market [22, 61, 66] . For example, the future market could comprise short-range light-duty autonomous BEVs and FCV light-duty sedans, buses and light trucks. Heavy-duty fleets (e.g., transport trucks, garbage trucks) could be natural gas, or hydrogen/natural gas blends [17, 19] .
Conclusions
This paper has investigated policy considerations related to the barriers and opportunities for the deployment of zero-emission vehicles in Ontario. The potential of electric and hybrid-electric power trains to enable these reductions was investigated-specifically, Plug-in Hybrid Electric Vehicles (PHEVs), Plug-in Battery Electric Vehicles (BEVs), as well as Fuel-Cell Vehicles (FCVs). The impact of the electricity supply mix on supporting zero-emission vehicles was studied based on different scenarios and the effects of driver behaviour on GHG emissions of PHEVs have been estimated.
The results suggest that using natural gas for electricity generation to charge or fuel vehicles results in more GHG emissions compared to the other mixes of energy supply. Therefore, the time of day of charging has a direct correlation with the CO 2 emissions from electric vehicles in Ontario, because natural gas power plants ramp up in on-peak hours to meet the on-peak demand; however, using electricity in off-peak hours for BEVs curtails the GHG emissions. Also, the lower the GHG emission of electricity, the less the difference between BEV and FCV net emissions. FCVs produce more emissions than electric vehicles in the different scenarios. Based on Ontario's average grid electricity emission, the GHG emissions of PHEVs are around 9.6 kg per 100 km drive, whereas those of BEVs and FCVs are around 1.1 and 2.6, respectively. The results suggest that a utility factor of more than 40% is needed to benefit from PHEVs having lower emission than ICEVs.
As calculated, the EVCO program will reduce the number of ICEVs, based on emission reduction. BEV charging stations can cover 11,000 cars, which will offset 6800 (power based on NG) to 9800 (emission free based power) Internal Combustion Engine Vehicles. Considering the C$20 million incentive for hydrogen refueling stations, 4800-9800 FCVs can thus refuel, which corresponds to an ICEV reduction of 300-2000 (power based on NG) to 5000-9700 (emission free based power) and this reduction will be greater if the power comes from renewable sources such as nuclear or wind.
The limitation and policy considerations related to using 1.7 million electric or plug-in hybrid vehicles by 2024 in Ontario have been investigated. It is critical that the infrastructure be well-planned, sustainable for the long term and realizes the intended environmental benefits. In order to address the energy-environmental challenges of future energy systems, the integration of different energy sectors including electricity and transportation systems, is required. The deployment of BEVs/PHEVs is a good option for the short term; however, FCVs are environmentally benign options for decarbonizing the transportation sectors in the long-term though Power-to-gas deployment in Ontario.
Driver behaviour in vehicle selection and issues related to public charging stations has also been discussed. BEV/PHEV charging intelligently must be managed for significant emission reductions to be achieved. If vehicles charge at peak periods when natural gas plants may be ramped up to meet this demand, there is much less of an emission reduction benefit. Thus, requiring users to allow electricity distribution utilities to control or track charging is critical but will need further technological development. To ensure that 'clusters' of electric vehicles do not overly disrupt local distribution infrastructure, utilities should be informed of potential increased local load.
Unique to this work is the comparison between electric vehicle charging infrastructure and hydrogen refueling stations in term of overall GHG emission reduction. Specifically, this paper has discussed the policy considerations behind the deployment of zero-emission vehicles in Ontario and provides the following contributions:
• Defines scenarios to study the impact of electrify supply mix on the GHG emission by different types of vehicles including, BEVs, PHEVS, an FCVs in Ontario; • Derives the possible GHG emission avoidance based on the total of about 1.7 million electric or plug-in hybrid vehicles that may be on road by 2024; • Estimate the effect of utility factor for PHEVs in Ontario; • Compares hydrogen stations versus electric vehicle charging infrastructure and calculates the reduction in number of Internal Combustion Engine Vehicles offset.
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